High precision predictions for exclusive V H production at the LHC by Ye LiSLAC National Accelerator Laboratory, Stanford University, Stanford, CA 94309, U.S.A. & Xiaohui Liu(High Energy Division, Argonne National Laboratory, Argonne, IL 60439, U.S.A.)
J
H
E
P06(2014)028
Published for SISSA by Springer
Received: March 8, 2014
Accepted: May 20, 2014
Published: June 4, 2014
High precision predictions for exclusive V H
production at the LHC
Ye Lia and Xiaohui Liub,c
aSLAC National Accelerator Laboratory, Stanford University,
Stanford, CA 94309, U.S.A.
bHigh Energy Division, Argonne National Laboratory,
Argonne, IL 60439, U.S.A.
cDepartment of Physics and Astronomy, Northwestern University,
Evanston, IL 60208, U.S.A.
E-mail: yli@slac.stanford.edu, xiaohuiliu@anl.gov
Abstract: We present a resummation-improved prediction for pp → V H + 0 jets at the
Large Hadron Collider. We focus on highly-boosted final states in the presence of jet
veto to suppress the tt¯ background. In this case, conventional fixed-order calculations are
plagued by the existence of large Sudakov logarithms αns log
m(pvetoT /Q) for Q ∼ mV +mH
which lead to unreliable predictions as well as large theoretical uncertainties, and thus
limit the accuracy when comparing experimental measurements to the Standard Model.
In this work, we show that the resummation of Sudakov logarithms beyond the next-to-
next-to-leading-log accuracy, combined with the next-to-next-to-leading order calculation,
reduces the scale uncertainty and stabilizes the perturbative expansion in the region where
the vector bosons carry large transverse momentum. Our result improves the precision
with which Higgs properties can be determined from LHC measurements using boosted
Higgs techniques.
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1 Introduction
With the confirmation of the existence of a Higgs particle by both the CMS and ATLAS
collaborations [1, 2] at the Large Hadron Collider (LHC), one of the main objectives of the
LHC is to test as many of its properties as possible. The experimental discovery channel is
based on its bosonic decay only, and it becomes crucial to probe its couplings to fermions
directly to verify whether they agree with Standard Model predictions. However, the
standard Higgs production channel of gluon fusion suffers from large QCD backgrounds in
its fermion decay modes. The so-called Higgsstrahlung process provides another important
way of Higgs measurement at hadron colliders, where the Higgs is produced in association
with either a W or Z vector boson (we will refer to them generally as V ). It was the main
search channel for a light Higgs at the Tevatron. At the LHC, the large background from
the semi-leptonic decay of the tt¯ process obscures the Higgs signal and leads to a poor
signal to background ratio. However, recent studies [3] have shown that with techniques
such as jet substructure and large transverse momentum cuts on the Higgs and the vector
boson, the Higgsstrahlung process offers a viable alternative to study the fermion decay
channel [4–7] as well as possible invisible decays of the Higgs [8, 9]. To further suppress
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the unwanted backgrounds, both CMS and ATLAS adopt a jet veto procedure allowing no
extra jets with pT greater than p
veto
T ∼ 25GeV.
Though effective in the experimental analysis, on the theory side, imposing a jet veto
with pvetoT much less than the center of mass energy at which the hard processes take
place leads to large Sudakov logarithms that can destabilize the perturbative series in
conventional perturbative QCD calculations. It has been shown that the impact of QCD
corrections is sizable for events with W and H boosted at large pT in the presence of jet
veto1 in ref. [13], where the fully exclusive cross section for WH production up to next-
to-next-to-leading order (NNLO) in QCD was studied. The jet veto reverses the sign of
the higher-order QCD correction compared to the inclusive case, and reduces the total
cross section. Recently there have been works on the transverse-momentum resummation
of V +H [14] and on the jet veto resummation [15] for the Higgsstrahlung process. Neither
study addressed the impact of the jet veto as a function of the transverse momentum of V or
H, which is required to understand the QCD corrections in the boosted phase-space region.
In this manuscript, we present the fully exclusive cross section for V H production at
NNLO in QCD matched with the resummation of jet veto logarithms at the partial next-to-
next-to-leading-log prime (NNLL′p) accuracy and study the relevant theoretical uncertainty.
We follow the counting of logarithmic accuracy according to ref. [26], and the subscript p
stands for “partial”, indicating that we have not included the non-logarithmically enhanced
contributions at O(α2s), the effect of which is found to be small. In the small-jet-radius
limit, our calculation is expected to be comparable with the NNLL′ accuracy. Compared
to ref. [15], we have achieved higher accuracy in both the resummation and the fixed order
calculation. In addition, we follow the experimental analysis more closely by studying the
transverse momentum dependence of the cross section and focusing on the impact of the
resummation in the boosted region of V and H.
Early effort in resuming jet veto was first investigated in ref. [16] using the global
variable beam thrust. The resummation of jet veto logarithms to NNLL′p here relies on
recent developments in the soft collinear effective theory (SCET) [19–23], which has been
applied successfully to the H+0j production [24–26]. Using the effective theory, the H+1j
case was studied in ref. [27] and ref. [28] for pJT ∼ mH and was extended to the challenging
low jet pT region in ref. [29]. A complete framework for the combination of resummed results
for production processes in different exclusive jet bins was also presented in ref. [29]. A
systematic study on the jet veto clustering effects up to O(α3s) in the small-jet-radius limit
was carried out in ref. [30].
The NNLO QCD correction is obtained by modifying the numerical code FEWZ [33–
35], originally used to calculate the DY process. The heavy-quark induced process is
not included. Higgs production in association with a vector boson is dominated by DY
like processes up to next-to-leading order (NLO) in QCD. At NNLO, there are small
contribution from the process where the Higgs is produced via heavy quark loop induced
by gluon pairs. Its contribution is found to be around 1%(1%) for WH and 5%(9%)
1The imposed jet veto makes the lower pT cut on the vector boson equivalent to that on the Higgs in
the boosted region.
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for ZH inclusive cross section for an 8 TeV (14 TeV) LHC [36]. This is expected to be
further suppressed in the region where the vector boson and Higgs carry large transverse
momentum.2 Furthermore, the decay of the vector boson into lepton final states is available
as a result of the nature of the original FEWZ. The modification is validated via a series
of numerical checks against MCFM [37] for differential observables at NLO, Sherpa [38]
for V H plus 1 or 2 jet(s) exclusive results, as well as VH@NNLO [36] for inclusive cross
sections. In this study, we integrate over the lepton phase space inclusively for better
numerical stability. We found that the scale uncertainty gets reduced and the convergence
of the perturbative series is improved dramatically after resumming the jet veto logarithms.
The results of our analysis should stay largely unaffected in the presence of standard
experimental acceptance cuts due to the absence of new phase space singularities at the
given perturbative order.
Our manuscript is organized as follows. In section 2, we briefly review the theoretical
set-up in the resummation of jet veto logarithms. In section 3, we present the numerical
consequence of the resummation for both ZH and WH production at the LHC. We adopt
cuts similar to the current experimental analyses and concentrate on the highly-boosted
region. Finally, we conclude in section 4. All necessary technical details are given in
the appendix.
2 Review of the theoretical formalism
In this section, we briefly review the theoretical framework for understanding jet vetoed
cross sections at hadron colliders. The formalism has been established in a series of works
for both 0 jet and exclusive 1 jet based on either the QCD coherence argument [17, 18] or
the effective theory analysis [24–29]. Our approach relies on the recently developed works
in SCET [19–23]. Here we will only highlight the formulae used in our calculation and we
refer the readers to refs. [24–28] for a detailed discussion and derivation of the factorization
theorem for jet vetoed cross sections and to refs. [39, 40] for short reviews. We group all
the necessary ingredients for NNLL′p resummation in the appendix.
2.1 factorization, resummation and matching
When pvetoT is much less than the energy scale Q which characterizes the production process,
the cross section can be approximated by a factorized piece with an additional term,
d2σ
dQ2dY
=
dσˆB
dQ2
H(Q2, µ)B
(
xa, p
veto
T , R, µ, ν
)× (2.1)
×B (xb, pvetoT , R, µ, ν) S (pvetoT , R, µ, ν)+ σRsub0 ,
up to contributions suppressed by pvetoT /Q, where R is the jet size parameter for the clus-
tering algorithm. Here dσˆB is the Born level partonic cross section initiating the relevant
process. For instance for ZH production the Born level cross section comes from the tree
2for the ZH process, this subleading process actually is enhanced below the top pair threshold, but here
we will only focus on the resummation on its DY like contribution for the purpose of this manuscript.
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level process qq¯ → Z∗ → ZH → l+l−H and qq¯ → WH → νlH. Here Q2 and Y are the
invariant mass square and rapidity of the entire final state, respectively. The Bjorken scale
parameter x is given by
xa,b =
Q
Ecm
e±Y ∈ (0, 1) , (2.2)
with Ecm denoting the machine center of mass energy. Here H, B and S are the hard
function, beam function for describing the collinear radiations in the forward region and
soft function for the radiations with low energies. Their field theoretic definition can be
found in ref. [24]. Their explicit form up to O(α2s) is given in the appendix.
Due to the homogenous expansion in SCETII where the soft and the collinear modes
share the same scaling in their virtualities, other than the normal divergence regulated
by the renormalization scale µ in the dimensional regularization, there exists additional
rapidity divergences which are regulated by a new fictitious scale ν in both the beam and
soft functions [41, 42]. The regularization scheme gives rise to a new renormalization group
equation in SCET, which eventually allows us to sum up the full set of large logarithms of
the form log(pvetoT /Q) to all orders, by evolving each function in eq. (2.1) from its natural
scales (µi, νi) to the common scales (µ, ν). The scales (µi, νi) are estimated by demanding
that in each function the perturbative series behaves properly. Therefore, we have
µH ∼ −iQ, µB ∼ µS ∼ pvetoT ,
νB ∼ Q, νs ∼ pvetoT . (2.3)
Here choosing the imaginary scale µH ∼ −iQ allows us to sum up a tower of large pi2 terms
for time-like processes [43].
Eq. (2.1) also contains a non-factorizable correction term,
σRsub0 ∝
(
αsCF
4pi
)2 (16pi2
3
R2 − 4R4
)
log
pvetoT
Q
, (2.4)
which contributes at the NNLL′p level especially when R ∼ 1. As argued in refs. [17, 18],
the overall coefficient determines the complete logarithmic series coming from this term.
Therefore, we follow the procedure in ref. [26] to include this piece in the resummed cross
section at NNLL′p by multiplying it with the total evolution factor.
The SCET cross section eq. (2.1) only gives the exact result when pvetoT /Q→ 0. When
away from zero, the missing power-suppressed term may have a sizable effect on the cross
section. In order to recover its contribution, we have to match the SCET calculation onto
the fixed-order QCD cross section. Here we adopt the most straightforward matching
scheme, in which we subtract the most singular terms in pvetoT /Q predicted by SCET up to
two loops, from the NNLO QCD cross section, and replace that by the NNLL′p along with
pi2 resummed one (see, section 3). The final result for the resummation-improved cross
section is
σNNLL′p+NNLO = σNNLO − σsing.NNLL′p + σresumNNLL′p . (2.5)
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Here σNNLO is the NNLO cross section obtained based on a modification of the FEWZ
code, detailed in appendix A. The SCET expanded cross section σsing.NNLL′p contains all the
O(α2s) order singular contributions to σNNLO, and σresumNNLL′p denotes the cross section for
with NNLL′p + pi2 resummation. All the building blocks needed for σ
sing.
NNLL′p and σ
resum
NNLL′p
can be found in the appendix.
2.2 log(R) dependent contributions
For a complete NNLL′ pvetoT -resummation, all the matrix elements should be computed up
to O(α2s) (see for instance, ref. [26]). Starting from the α2s order, clustering effects will
give rise to log(R) dependent contributions, which, for small jet radius, dominate over
the other non-log(pvetoT /µ) enhanced terms of the two loop matrix elements. The log(R)
corrections at α2s appearing in both the soft and beam functions comes from the clustering
of two correlated radiations coming from a single collinear splitting of distance roughly R
into two different jets. They can therefore be extracted from the strongly ordered collinear
behavior of QCD, given by
∆|M|2jk,NNLO =
∫
[dk] dx |M|2i,NLO(kT , z, µ, ν, , η)× (2.6)
×
∫
dq2⊥
q2⊥
αs
2pi
Pjk←i(x) Θ(∆R−R)∆Fˆveto ,
where, |Mi,NLO|2 is the one loop soft or beam function with properly regularizing the
divergence in the effective theory and Pjk←i(x) is the one loop splitting function. The
transverse momentum q⊥ is with respect to the mother particle i before splitting and
∆Fˆveto is the phase space measure which accounts for the jet algorithm. We note that an
additional symmetry factor should be included when evaluating g → gg or q → qg with
the gluon or the quark further splitting, respectively, in the beam function.
Using the fact that in the small R limit,
∆R2 ≈ q
2
⊥
k2T z
2(1− z)2 , (2.7)
and writing out explicitly the measure ∆Fˆveto, we get
∆|M|2jk,NNLO =
αs
2pi
∫
[dk] dx |M|2i,NLO(kT , z, µ, ν, , η) (2.8)
×
∫ ∼1
R
d∆R2
∆R2
Pjk←i(x)
[
Θ
(
pvetoT −max(x, 1− x)kT
)−Θ (pvetoT − kT )] .
Using the equation above, all the α2s order log(R) terms, either in the anomalous dimensions
or in the matrix elements, can be calculated in a straightforward way. For our purposes,
we have the following pvetoT independent log(R) terms in the beam function:
I
(2)
qiqi,logR
=
2
9
CF
((−12pi2+131−132 log(2))CA + (24 log(2)− 23)nfTF ) log(R2) p(0)qiqi(z) ,
I
(2)
qig,logR
= 4CFTF
(
−pi
2
3
+ 3− 3 log(2)
)
log(R2)p(0)qi,g(z) , (2.9)
where p
(0)
ij (z) is the splitting function which can be found in the appendix.
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Figure 1. We compare the NNLO QCD (red solid) cross section with the expanded NNLL to
O (α2s) from SCET prediction (blue dotted) for both ZH with pTZ > 100 GeV (left panel) and
W+H with pTW > 180 GeV production (right panel) at LHC14. We focus on the small values of
pvetoT .
We note that other than the log(R) contributions, we also need the non-log(R) en-
hanced pvetoT independent terms at O(α2s) for claiming NNLL′ accuracy. The analytic
formula for the full two loop soft function including these contributions is known [26], and
is listed in the appendix. For the beam function, those terms can be obtained easily by
comparing the fixed two loop SCET expansion with the full NNLO QCD calculation. We
found that for pp → V H, these contributions are numerically negligible for both large
and small R, therefore in this work we do not include their contributions and denote our
accuracy as NNLL′p.
3 Numerical results
We start the section by demonstrating the validity of the SCET factorization theorem nu-
merically. Later on, we will introduce our scale choices and our strategy for the theoretical
uncertainty estimation.
In figure 1, we show the comparison of the cross section σ
(
pvetoT
)
with a jet veto between
the QCD prediction and the SCET calculation up to NNLO in αs. The results are given
as a function of pvetoT for both ZH and WH production at the LHC with 14 TeV machine
energy (LHC14). The jets are constructed using anti-kT jet algorithm with R = 1.2. For
small pvetoT , the two calculations differ by a non-logarithmically enhanced constant piece
(independent of pvetoT ) at O(α2s), in addition to pvetoT /Q power suppressed terms. The
numerical results presented in figure 1 shows almost no differences between them for small
pvetoT . The differences are found to be around or less than per mil level.
As pvetoT increases, the size of the power-suppressed term starts to grow and becomes im-
portant when pvetoT is comparable with Q. The power suppressed term is properly included
in our prediction via the matching procedure, eq. (2.5), described in the previous section.
The growth of the power suppressed contribution leads to the idea of profile scales [26,
28, 31, 32] that smoothly turn off resummation and merge with the fixed-order predictions
in the high pvetoT region where the effective theory breaks down and the power suppressed
terms dominate. However, in our present analysis, we focus a fixed pvetoT of 25GeV and study
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boosted V H production. We expect that for such a small pvetoT , the singular contributions
dominate and must be resummed. Therefore instead of using profile scales, we parametrize
the scales using their canonical values in SCET:
µ = mV +mH ,
µH = −iQ = −i√xaxbEcom, µB = µS = pvetoT ,
νB = Q, νS = p
veto
T . (3.1)
as our central scale choice. The imaginary hard scale choice µH allows a better conver-
gent perturbative series in evaluating the hard function and a resummation of a towers of
pi2 terms.
We default to
µR = µF = µ = mV +mH , (3.2)
as the central scale for the fixed order calculation. We vary the scales up and down by
a factor of two to estimate the scale uncertainty. For the fixed order results, we use the
“Stewart-Tackmann-prescription” for the error estimation [45]:
∆20j = ∆
2
tot. + ∆
2
>1j , (3.3)
where ∆tot. and ∆>1j are the uncertainties for total and 1j inclusive cross sections, respec-
tively, obtained by varying the scale up and down by a factor two. For the resummation
improved predictions, we use
∆20j = ∆
2
coll. + ∆
2
resum , (3.4)
where ∆coll. is computed by varying all the scales in the effective theory collectively.
For ∆resum, we vary each scale µi and νi independently and take the envelope of all
the variations.
We now turn to discuss the main results of this work. In presenting our numerical
results, we use the (N)NLO MSTW2008 PDF set [44] for (N)NLO and (N)NLL + (N)NLO
results and set the value and running of the strong coupling constant αs accordingly. We use
nf = 5 for the active number of quark flavors, and choose the Gµ scheme as the electroweak
input parameters throughout our analysis. We will only discuss ZH and W+H productions
at LHC14 in this manuscript. Jets are formed with anti-kT jet algorithm
3 with R = 1.2 [3]
and are vetoed if they have transverse momentum greater than pvetoT = 25 GeV.
We first study the stability of the perturbative predictions with and without the im-
provement from the jet veto resummation. Figure 2 illustrates the impact of the resum-
mation on the convergence of the ZH perturbative cross section predictions at LHC14.
Here we plot the cross section as a function of the lower transverse momentum cut of the
Z boson pZT,min. It is clear that the resummation of the jet veto logarithms (right panel)
3Here anti-kT is selected for illustrative purposes only. There is no theoretical difficulty for us to switch
to other kT type jet algorithms, for instance Cambridge/Aachen, and the conclusions of this work will not
be affected.
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Figure 2. The NLO (brown dashed) and NNLO (blue dotted) predictions for ZH production
at LHC14 (left panel) along with the resummation improved NLL′ + NLO (gray dot-dashed) and
NNLL′p + NNLO (red solid) results (right panel) are showed, as a comparison of the convergence of
the perturbative series with and without the jet veto log resummation.
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Figure 3. Similar plots as figure 2 for the convergence study on W+H production at LHC14. The
error bars denote the estimated theoretical scale uncertainties.
accelerates the convergence of the perturbative series compared to the pure fixed-order
ones (left panel), as the pZT,min curve from the NLL
′+NLO prediction almost overlaps with
the NNLL′p + NNLO one, while the NLO prediction is off by a visible amount with respect
to the NNLO result.
The same trends can be observed for the predictions of the W+H production at LHC14
which are depicted in figure 3. The convergence of the perturbative expansion is greatly
improved after the resummation.
In both figure 2 and figure 3, the error bands reflect the scale uncertainties estimated
using the prescriptions sketched previously in eq. (3.3) and eq. (3.4) for the pure fixed-
order and the resummation improved predictions, respectively. Although the resummed
predictions usually have more conservative handles over the perturbative uncertainties
due to variation of multiple scales in the resummed cross section, we still observe sizable
reductions in the theoretical errors after invoking the resummation.
To see the reduction more clearly, we plot the NNLO and NNLL′p+ NNLO predictions
together in figure 4 for both ZH and W+H productions. The pure fixed-order and the
resummed calculations yield central values close to each other, yet the resummed cross
section comes along with a reduced scale dependence. For the experimentally interesting
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Figure 4. The comparison between the NNLO cross sections with (red solid) and without (blue
dotted) the NNLL′p + pi
2 resummation for both ZH (left panel) and W+H production at LHC14.
The error bars reflect the scale uncertainties.
region (pZ,WT,min > 100, 180 GeV), the scale dependence drops from ±5(6)% to ±3(4)% for
ZH (W+H) production at LHC14, i.e. the theoretical error band shrinks by around 30%,
and the veto efficiency for ZH and W+H processes are roughly 47% and 41% respectively.
4 Conclusions
Recently, significant effort has been devoted to improved understanding of the Higgs cross
section at the LHC, either using conventional NNLO calculations [46] or by utilizing re-
summation techniques [17, 18, 24–29]. In this work, we investigated the V H associated
production process at the LHC. On the experimental side, a jet veto procedure demanding
no jets with transverse momentum larger than pvetoT is used by both CMS and ATLAS to
suppress the backgrounds in the boosted Higgs analysis. However, theoretically the small
value of pvetoT  mV + mH often destabilizes the perturbative expansion due to the exis-
tence of large logarithmic structure in the series. This makes the perturbative prediction
unreliable and results in large theoretical uncertainties on the cross section as the pT of the
vector boson/Higgs increases. For V H production, when the transverse momentum pTV of
the vector boson is required to be larger than 100 ∼ 200 GeV, the perturbative predictions
suffer from roughly ±6% errors for LHC14 even at the NNLO. The limited power of the
theoretical predictions restricts the accuracy that experimentalists can achieve. Also the
large K factors in the presence of jet veto when one goes from LO, NLO to NNLO leads to
the concern that the missing higher orders corrections may still be large and have sizable
contributions to the cross section.
Here we improved the theoretical predictions through the resummation the jet veto
logarithms and a series of pi2 terms up to NNLL′p accuracy within the SCET framework.
We further matched the resummed result onto the NNLO calculation to provide the full
resummation improved cross section for V H production at hadron colliders. The improved
results reduce the theoretical uncertainties. In the highly boosted regime, the scale un-
certainty drops from ±6% to ±4% or below from NNLO to NNLL′p + NNLO for LHC14.
Meanwhile resumming the jet veto logarithms greatly improves the convergence of the per-
turbative series in the region of interest experimentally. It can be seen from the fact that
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the central value remains virtually unchanged when one moves to higher orders in perturba-
tive calculations, proving the reliability of the theoretical predictions. After resummation,
the jet veto efficiency is found to be 47% and 41% for ZH and W+H, respectively.
In this manuscript, we highlight the general features of the resummation improved
predictions for V H associated production, and show the power of resummation in reducing
scale uncertainties and providing reliable central values. For illustration purpose here, we
have chosen simplified cuts from the current experimental analysis without loss of general-
ity. The results can be extrapolated for experimental use. In the future, extensive numerical
studies on V H production with more practical cuts will be pursued in an upcoming paper,
based on the scheme in this work.
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A Modification of FEWZ
Here we give a brief introduction of the master formula we use to modify FEWZ for the
Higgsstrahlung process. The squared matrix element of the DY process in FEWZ can be
schematically written as,
|MV |2 ∼ QµνLµν , (A.1)
where Qµν is the square of the quark current and includes all QCD corrections, and L
µν
is the square of the lepton current. As long as no observables related to asymmetry in the
lepton phase space, we can neglect the axial part of the current, hence
Lµν ∼ −gµν l1 · l2 + lµ1 lν2 + lν1 lµ2 . (A.2)
When integrated over the lepton phase space inclusively, we find that,
〈Lµν〉 ∼ q
2
3
(
−gµν + q
µqν
q2
)
, (A.3)
with l1,2 as the momenta of the two leptons and q = l1 + l2 as the momentum of the vector
boson. In original FEWZ, individual components of Qµν are not separately available since
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they only appear in the product of two currents in the matrix element. For the DY-like
part of the V H production, it can be thought as a gauge boson V ∗ first produced via
the DY process, and subsequently decaying to V and H, where V further decays to two
leptons. Because of gauge invariance, we can write the new squared matrix element for
Higgsstrahlung process as,
|MV H |2 ∼ QµνL′µν , (A.4)
where L′µν denotes the square of the new lepton current. If we integrate inclusively over
the V and H phase space, the new lepton current becomes,
〈L′µν〉 ∼ q
′2
3
(
−gµν + q
′µq′ν
q′2
)
→ q
′2
3
{
−gµν
(
2
3
+
(q · q′)2
3 q2 q′2
)
+
qµqν
q2
(
−1
3
+
4
3
(q · q′)2
q2 q′2
)}
, (A.5)
in which q′ and q are the momenta of V and V ∗ respectively, and q ·q′ = (q2 +q′2−m2H)/2.
The second piece drops out when multiplied with the quark current, and therefore we
arrive at,
Qµν〈L′µν〉 = q
′2
q2
Qµν〈Lµν〉
(
2
3
+
(q · q′)2
3 q2 q′2
)
. (A.6)
However, eq. (A.6) does not apply to the case where acceptance cut is placed on leptons,
the vector boson or the Higgs. We can use
〈LµνLρσ〉 = q
4
4
{
2
5
(
−gµν + q
µqν
q2
)(
−gρσ + q
ρqσ
q2
)
+
1
15
[(
−gµρ + q
µqρ
q2
)(
−gνσ + q
νqσ
q2
)
+
(
−gµσ+ q
µqσ
q2
)(
−gνρ + q
νqρ
q2
)]}
,
(A.7)
in combination with eq. (A.3) and obtain
QµνL
′µν = 30Qµν
〈LµνLρσ〉
q4
L′ρσ − 9Qµν
〈Lµν〉
q2
(
−gρσ + q
ρqσ
q2
)
L′ρσ. (A.8)
The average is performed by integrating over the original lepton phase space inclusively,
and arbitrary cuts can be applied on the new vector boson and Higgs, as well the final
leptonic final states, as long as no asymmetry related observables are measured. It can
be seen that eq. (A.6) is easily recovered by substituting the integrated form of L′ρσ into
eq. (A.8). Because only the product QµνL
µν appears in eq. (A.8), FEWZ can be modified
in a relatively straightforward way.
B Fixed-order matrix elements
In this appendix, we list all the ingredients needed for a NNLL′ resummation for pp→ V H
production in 0-jet bin. We start with the fixed order matrix elements to O(α2s)
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B.1 Hard function
The spin and color averaged LO matrix elements squared for processes qq¯ → ZH → l¯lH
and qq¯ →WH → νlH are proportional to that of LO DY processes,
|MZ |2 = 1
12
(4piα)2
(
4(|g+qqZg+llZ |2 + |g−qqZg−llZ |2)sql¯sq¯l + 4(|g+qqZg−llZ |2 + |g−qqZg+llZ |2)sqlsq¯l¯
(sll¯ −M2Z)2 +M2ZΓ2Z
)
,
|MW− |2 =
1
12
(4piα)2
s4w
sqν¯sq¯l
(slν¯ −M2W )2 +M2WΓ2W
,
|MW+ |2 =
1
12
(4piα)2
s4w
sql¯sq¯ν
(sνl¯ −M2W )2 +M2WΓ2W
, (B.1)
with sij = 2 pi · pj , g+ffZ = −Qfsw/cw and g−ffZ = (I3W,f −Qfs2w)/sw/cw. Therefore
|MZH |2 = 4piαM
2
Z
s2wc
2
w
1
(sqq¯ −M2Z)2 +M2ZΓ2Z
|MZ |2 ,
|MW±H |2 =
4piαM2W
s2w
1
(sqq¯ −M2W )2 +M2WΓ2W
|MW± |2 , (B.2)
where MZ and MW are the masses for Z and W bosons, respectively and ΓZ and ΓW are
the widths.
The NNLO hard function for Drell-Yan has been known for a while and can be found
for instance in [47], which gives
Hqq¯V (Q
2, µ) = 1 +
αs
4pi
CF
(
−2L2 − 6L− 16 + 7pi
2
3
)
+
(
αs
4pi
)2 [
2CF (CFHF + CAHA + TFnfHf ) + C
2
FGF
]
, (B.3)
with
HF =
L4
2
+ 3L3 +
(
25
2
− 19pi
2
6
)
L2 +
(
45
2
− 15pi
2
2
− 24ζ3
)
L
+
255
8
− 9pi2 + 157pi
4
360
− 30ζ3 ,
HA = −11
9
L3 −
(
233
18
− pi
2
3
)
L2 −
(
2545
54
− 22pi
2
9
− 26ζ3
)
L
−51157
648
+
1061pi2
108
− 4pi
4
45
+
313
9
ζ3 ,
Hf =
4
9
L3 +
38
9
L2 +
(
418
27
− 8pi
2
9
)
L +
4085
162
− 91pi
2
27
+
4
9
ζ3 ,
GF = L
4 + 6L3 +
(
25 +
5pi2
3
)
L2 +
(
48 + 5pi2
)
L+ 64− 29pi
2
3
+
49pi4
36
. (B.4)
Here we have abbreviated L ≡ log(µ2/Q2).
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B.2 Soft function
The full two-loop soft function can be extracted from ref. [26] by suitably replacing the
color factors, and is found to have the form
Sqq¯(p
veto
T , R, µ, ν) = 1 +
αs(µ)
4pi
CF
[
2Γ0L
µ
S
(
LµS − 2LνS)−
pi2
3
]
+
α2s(µ)
(4pi)2
{
1
2
C2F
[
2Γ0L
µ
S
(
LµS − 2LνS)−
pi2
3
]2
+2β0CFL
µ
S
[
2Γ0L
µ
S
(
1
3
LµS − LνS
)
− pi
2
3
]
(B.5)
+2Γ1CFL
µ
S(L
µ
S − 2LνS) + γqS 1LµS + γqν 1(R)LνS + s2(R)
}
,
with LµS ≡ log µpvetoT , and L
ν
S ≡ log νpvetoT .
The dependence on the jet algorithm starts to enter at two loops through the two-loop
ν anomalous dimension, γgν 1(R), which determines the coefficient of the single logarithm of
ln(ν/pvetoT ), as well as the non-logarithmic two-loop soft constant, s2(R). For the coefficients
of the soft non-cusp anomalous dimensions we find
γqS 0 = 0 ,
γqS 1 = 8CF
[(
52
9
− 4(1 + pi2) ln 2 + 11ζ3
)
CA +
(
2
9
+
7pi2
12
− 20
3
ln 2
)
β0
]
,
γqν 0(R) = 0 , (B.6)
γqν 1(R) = −16CF
[(
17
9
− (1 + pi2) ln 2 + ζ3
)
CA +
(4
9
+
pi2
12
− 5
3
ln 2
)
β0
]
+ C2(R) .
Here, C2(R) is the clustering correction due to the jet algorithm:
C2(R) = 2CF
[(
1− 8pi
2
3
)
CA +
(
23
3
− 8 ln 2
)
β0
]
lnR2
+15.62CFCA − 9.17CFβ0 , (B.7)
up to O(R2) corrections whose explicit form can be lifted from ref. [25].
The two-loop soft function constant s2(R), which is not determined from RGE con-
straints, is
s2(R) = CF
[(
19
3
− 10 ln 2 + 8ζ3
)
CA +
(
−163
9
+
58
3
ln 2 + 8 ln2 2
)
β0
]
lnR2
−18.68CFCA − 3.25CFβ0 + sRsub2 (R) , (B.8)
where sRsub2 (R) ∼ R2.
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B.3 Beam function
When matching onto pdfs, the NNLO beam function has the form
Bq(x, µB, νB) =
∑
j
∫ 1
x
dz
z
Iqj(R, z, µB, νB) fj
(
x
z
, µB
)
, (B.9)
where the matching kernels Iqj read
Iqj = δ(1− z)δqj + αs
4pi
I(1)qj +
(αs
4pi
)2 I(2)qj , (B.10)
with
I(1)qiqi = 2CF
(
4Lµ Lνδ(1− z) − 2Lµ p(0)qiqi(z) + I(1)qiqi(z)
)
,
I(1)qg = 2TF
(
−2Lµ p(0)qg (z) + I(1)qg (z)
)
, (B.11)
given that Lµ ≡ log µpvetoT and Lν ≡ log
ν
Q .
The form of the two-loop matching coefficient I(2) can be obtained by expanding the
NNLL′ resummed beam function and matching onto PDFs, which results in
I(2)qiqi(z) = L2µL2ν 2Γ20C2F δ(1− z) + L2µLν
(
2Γ0CFβ0δ(1− z)− 8C2FΓ0 p(0)qiqi(z)
)
+LµLν
(
4Γ0C
2
F I
(1)
qiqi(z) + 2Γ1CF δ(1− z)
)
+L2µ
(
−4CFβ0p(0)qiqi(z) + 8C2F p(0)qiqi ⊗ p(0)qiqi(z) + 8CFTF p(0)qig ⊗ p(0)gqi(z)
)
+Lµ
{
4CFβ0I
(1)
qiqi(z) + γ
q
B,1δ(1− z) − 8p¯(1)qiqi(z) − 8C2F I(1)qiqi ⊗ p(0)qiqi
−8CFTF I(1)qig ⊗ p(0)gqi
}
+ Lν
(
−1
2
γqν,1δ(1− z)
)
+ I(2)qiqi(R, z) ,(B.12)
I(2)qig(z) = L2µLν
(
−8Γ0CFTF p(0)qig(z)
)
+ LµLν
(
4Γ0CFTF I
(1)
qig(z)
)
+L2µ
{
−
(
4β0 + 2γ
q
B,0
)
TF p
(0)
qig(z) + 8CFTF p
(0)
qiqi ⊗ p(0)qig(z)
+8CATF p
(0)
qig ⊗ p¯(0)gg (z)
}
+Lµ
{
(4β0 + 2γ
q
B,0)TF I
(1)
qig(z)− 8p(1)qig(z) − 8CFTF I(1)qiqi ⊗ p(0)qig(z)
−8CATF I(1)qig ⊗ p¯(0)gg (z)
}
+I(2)qig(R, z) , (B.13)
and
I(2)qiqj (z) = L2µ
(
8CFTF p
(0)
qig ⊗ p(0)gqj (z)
)
+ Lµ
(
−8p(1)qiqj (z)− 8CFTF I(1)qig ⊗ p(0)gqj (z)
)
+I(2)qiqj (R, z) , (B.14)
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where p¯
(i)
kj (z) is the i-th order full splitting function including properly the δkjδ(1−z) while
p
(i)
kj (z) does not. In both cases, an overall color factor has been extracted from the splitting
kernel. In eq. (B.14), qj in the subscript stands for either quarks with different flavors from
qi or any possible anti-quarks.
The non-logarithmic terms I
(2)
ij (R, z) can not be determined by the expansion and have
to be computed explicitly, and are not yet known. However, for small R, the dominant
logR piece can be calculated in a very simple way, as explained in the text, which leads to
I
(2)
qiqi,logR
=
2
9
CF
((−12pi2+131−132 log(2))CA + (24 log(2)− 23)nfTF ) log(R2) p(0)qiqi(z) ,
I
(2)
qig,logR
= 4CFTF
(
−pi
2
3
+ 3−3 log(2)
)
log(R2)p(0)qi,g(z) . (B.15)
The contribution from the remaining piece can be obtained by fitting with the fixed order
NNLO QCD calculation.
C RG running
All the functions in the previous section have to be evolved from their natural scales to a
common scale µ to evaluate the cross section. Other than the conventional RG evolution,
µ
dF
dµ
= ΓµF (µ)F (µ) , (C.1)
due to the existence of the rapidity divergence in SCET resulted from the multipole ex-
pansion, another rapidity evolution
ν
dFB,S
dν
= ΓνB,S(ν)FB,S(ν) , (C.2)
for the soft and the beam functions is needed to resum a series of large rapidity logs. The
general solution to these RG equations can be formally written as
F (µ, ν) = U(µ, ν;µ0, ν0)F (µ0, ν0) , (C.3)
where the natural scales (µ0, ν0) for each function are determined by demanding that no
large logs exist in the fixed order matrix elements. The evolution of the hard Wilson
coefficient Cqq¯VH which is related to the hard function by H = CC
†, is given by
UCH (µ, µH) = exp
(
2CFS(µ, µH)− CFAΓ log −Q
2 − i0+
µ2H
−AH(µ, µH)
)
, (C.4)
where a natural choice of µH will be µ
2
H = −Q2− i0+ to stabilize the fixed order expansion
of the hard function. By doing so, a towers of pi2 terms will also be resummed. Therefore
the evolution of the hard function is given by
UH = U
log
H × exp
(
2<e
[
2CFS(µH ,−µH)− CFAΓ(µH ,−µH) log Q
2
µ2H
−AH(µH ,−µH)
])
= U logH (µ, µH) exp
(
piαs(µH)CF
2
[
1 +
1
4pi
(
Γ1
Γ0
− γ
0
H
Γ0
β0
CF
− β0 log Q
2
µ2H
)
αs(µH)
])
.
(C.5)
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Here U logH = UCU
†
C is the normal evolution for the global log resummation.
The running of the beam function is found to be
UB,a(µ, ν;µB, νB) = exp
(
−CF AΓ
(
µ, pvetoT
)
log
ν2
ν2B
)
× exp
(
−CF AΓ(µ, µB) log ν
2
B
ω2a
−ABa(µ, µB)
)
× exp
(
−1
2
γqν
[
αs(p
veto
T ), R
]
log
ν
νB
)
. (C.6)
The central value of (µB, νB) will be chosen as
(
pvetoT , ωa
)
.
For the soft function, we have
US(µ, ν;µS , νB) = exp
(
2CF AΓ(µ, p
veto
T ) log
ν2
ν2S
)
exp (−4CFS(µ, µS)−AS(µ, µS))
× exp
(
2CF AΓ(µ, µS) log
ν2S
µ2S
)
exp
(
γqν
[
αs(p
veto
T ), R
]
log
ν
νS
)
. (C.7)
The natural scale (µS , νS) for the soft sector is (p
veto
T , p
veto
T ).
In the equations above, the expansion of these quantities in αs up to terms needed for
NNLL resummation are given by
S(µf , µi) =
Γ0
4β20
{
4pi
αs(µi)
(
1− 1
r
− ln r
)
+
(
Γ1
Γ0
− β1
β0
)
(1− r + ln r) + β1
2β0
ln2 r
+
αs(µi)
4pi
[(
β1Γ1
β0Γ0
− β2
β0
)
(1− r + r ln r) +
(
β21
β20
− β2
β0
)
(1− r) ln r
−
(
β21
β20
− β2
β0
− β1Γ1
β0Γ0
+
Γ2
Γ0
)
(1− r)2
2
]}
, (C.8)
with r = αs(µf )/αs(µi), and
AΓ(µf , µi) =
Γ0
2β0
{
log r +
αs(µi)
4pi
(
Γ1
Γ0
− β1
β0
)
(r − 1)
+
α2s(µi)
16pi2
[
Γ2
Γ0
− β2
β0
− β1
β0
(
Γ1
Γ0
− β1
β0
)]
r2 − 1
2
}
. (C.9)
Also AH , AB and AS are needed to the αs order, which can be obtained by substituting
the Γ0 and Γ1 in AΓ with γi,0 and γi,1 for each function and truncating out the α
2
s terms.
D Input ingredients
Here we group all the parameters and equations including splitting functions and convolu-
tions which are used in NNLL′ resummation
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The 0-th order modified splitting kernels needed in the beam function are
p(0)gg (z) =
2z
(1− z)+ + 2z(1− z) + 2
1− z
z
,
p(0)qq (z) =
1 + z2
(1− z)+ ,
p(0)gq (z) =
1 + (1− z)2
z
,
p(0)qg (z) = 1− 2z + 2z2 , (D.1)
and
p¯(0)qiqj (z) =
3
2
δijδ(1− z) + p(0)qq (z) ,
p¯(0)gg (z) =
β0
2CA
δ(1− z) + p(0)gg (z) . (D.2)
The 1-th order splitting functions give [48]
p(1)qiqj = δijp
V,(1)
qq + p
S,(1)
qq ,
p
(1)
qiq¯j = δijp
V,(1)
qq¯ + p
S,(1)
qq¯ , (D.3)
and
pV,(1)qq = C
2
F
{
−
[
2 lnx ln(1− x) + 3
2
lnx
]
p(0)qq (x) (D.4)
−
(
3
2
+
7
2
x
)
lnx− 1
2
(1 + x) ln2 x− 5(1− x)
}
+CFCA
{[
1
2
ln2 x+
11
6
lnx+
67
18
− pi
2
6
]
p(0)qq (x) + (1 + x) lnx+
20
3
(1− x)
}
+nfCFTF
{
−
[
2
3
lnx+
10
9
]
p(0)qq (x)−
4
3
(1− x)
}
,
p
V,(1)
qq¯ = CF
(
CF − CA
2
){
2p(0)qq (−x)S2(x) + 2(1 + x) lnx+ 4(1− x)
}
, (D.5)
pS,(1)qq = p
S,(1)
qq¯
= CFTF
{
20
9x
− 2 + 6x− 56
9
x2 +
(
1 + 5x+
8
3
x2
)
lnx− (1 + x) ln2 x
}
, (D.6)
p(1)qg =
CFTF
2
{
4− 9x− (1− 4x) lnx− (1− 2x) ln2 x+ 4 ln(1− x)
+
[
2 ln2
(
1− x
x
)
− 4 ln
(
1− x
x
)
− 2
3
pi2 + 10
]
p(0)qg (x)
}
+
CATF
2
{
182
9
+
14
9
x+
40
9x
+
(
136
3
x− 38
3
)
lnx− 4 ln(1− x)− (2 + 8x) ln2 x
+
[
− ln2 x+ 44
3
lnx− 2 ln2(1− x) + 4 ln(1− x) + pi
2
3
− 218
9
]
p(0)qg (x)
+2p(0)qg (−x)S2(x)
}
, (D.7)
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where the function S2(x) is defined as
S2(x) =
∫ 1
1+x
x
1+x
dz
z
ln
(
1− z
z
)
=
ln2 x
2
− lnx ln(1 + x) + Li2
(
x
1 + x
)
− Li2
(
1
1 + x
)
=
ln2 x
2
− pi
2
6
− 2 lnx ln(1 + x)− 2 Li2(−x) . (D.8)
To extend to the limit x = 1, we need to make the substitution
1
1− x →
1
[1− x]+ . (D.9)
and add the end-point contributions:
p¯(1)qiqi(x) = p
(1)
qiqi(x) +
[
C2F
{
3
8
− pi
2
2
+ 6ζ3
}
+ CFCA
{
17
24
+
11pi2
18
− 3ζ3
}
−nfCFTF
{
1
6
+
2pi2
9
}]
δ(1− x) . (D.10)
The convolutions needed for evaluating the two-loop beam function are
p(0)qq ⊗ p(0)qq (z) = −2(1− z) + 3(1 + z) log(z)− 4(1 + z) log(1− z)
+8
(
log(1− z)
1− z
)
+
− 2pi
2
3
δ(1− z)− 4log(z)
1− z ,
p(0)qg ⊗ p(0)gq (z) = −
4z2
3
− z + 4
3z
+ 2(z + 1) log(z) + 1 ,
p(0)qq ⊗ p(0)qg (z) = −3z2 +
(−4z2 + 2z − 1) log(z) + 5z − 2 + 2p(0)qg (z) log(1− z) ,
p(0)qg ⊗ p¯(0)gg (z) = −
31z2
3
+ 8z +
4
3z
+ (8z + 2) log(z) + 2p(0)qg (z) log(1− z)
+1 +
β0
2CA
p(0)qg (z) ,
I(1)qq ⊗ p(0)qq (z) = −(1− z)(log(z) + 2) + 2I(1)qq (z) log(1− z) ,
I(1)qg ⊗ p(0)gq (z) =
2
3
(
2z2 +
1
z
− 3z log(z)− 3
)
,
I(1)qg ⊗ p¯(0)gg (z) =
2
3
(
17z2 − 15z + 1
z
− 12z log(z)− 3
)
+2I(1)qg (z) log(1− z) +
β0
2CA
I(1)qg (z) ,
I(1)qq ⊗ p(0)qg (z) = z2 + z − (2z + 1) log(z)− 2 , (D.11)
with
I(1)qq (z) = (1− z) , I(1)qg (z) = 2z(1− z) . (D.12)
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The parameters going into the anomalous dimensions are listed below. We have
β0 =
11
3
CA − 4
3
TFnf ,
β1 =
34
3
C2A −
20
3
CATFnf − 4CFTFnf ,
β2 =
2857
54
C3A +
(
C2F −
205
18
CFCA − 1415
54
C2A
)
2TFnf +
(
11
9
CF +
79
54
CA
)
4T 2Fn
2
f ,
Γ0 = 4 ,
Γ1 = 4
[
CA
(
67
9
− pi
2
3
)
− 20
9
TFnf
]
,
Γ2 = 4
[(
245
6
− 134pi
2
27
+
11pi4
45
+
22ζ3
3
)
C2A +
(
−418
27
+
40pi2
27
− 56ζ3
3
)
CATFnf
+
(
−55
3
+ 16ζ3
)
CFTFnf − 16
27
T 2Fn
2
f
]
, (D.13)
for the β[αs] function and cusp anomalous dimensions. And for the non-cusp ones of the
hard Wilson coefficient, we have
γqH0 = −6CF ,
γqH1 = C
2
F (−3 + 4pi2 − 48ζ3) + CFCA
(
−961
27
− 11pi
2
3
+ 52ζ3
)
+nfCFTF
(
260
27
+
4pi2
3
)
. (D.14)
The soft non-cusp anomalous dimensions could be found in the previous sections, and
the anomalous dimension for the beam function can be obtained through the consistency
condition γµB = −γµH − 12γµS and γνB = −12γνS for the normal RG and the SCET rapidity
evolution, respectively.
Here the β[αs] function is expanded as,
β[αs] = −2αs
∑
n=0
βn
(αs
4pi
)n+1
, (D.15)
and the rest of the quantities are expanded as
F [αs] =
αs
4pi
F0 +
(αs
4pi
)2
F1 + · · · . (D.16)
Note that we can use
d logµ =
1
β[αs]
dαs (D.17)
to convert the log µ integration to αs integration.
As for the expansion of NNLL′ resummation, we need to use
1
αs(µi)
=
X
αs(µ)
+
β1
4piβ0
log(X) +
αs(µ)
16pi2
[
β2
β0
(
1− 1
X
)
+
β21
β20
(
log(X)
X
+
1
X
− 1
)]
,
(D.18)
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with
X = 1− αs(µ)
4pi
β0 log
µ2
µ2i
. (D.19)
For µi = −µ− i0+, we have
X = 1− ia(µ) , (D.20)
with a(µ) ≡ αs(µ)β0/4 treated as an O(αs) parameter.
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